Target vessel materials used in spallation neutron source will be exposed to proton and neutron irradiation and mercury immersion environments. In order to evaluate the surface degradation of the vessel candidate materials due to such environment, the triple-ion beam irradiation taking the spallation reaction into account and mercury immersion tests were carried out. Mechanical properties of the gradient surface layer were evaluated by the inverse analysis with multi-layer model that considers distribution of surface characteristic was applied to the load and depth curves measured by using the instrumented indentation machine. Transmission electron microscopic observations were performed to evaluate the changes of microstructure in irradiated surface layer using focused ion-beam cut micro-specimen. The mechanical properties distributions in the surface layer were evaluated quantitatively and the changes in microstructures were correspondent to the property distribution. It was confirmed that the ductility loss is enhanced by the irradiation and mercury immersion, and simulated stress and strain curves of the ion-irradiated surface layer were adequately in good agreement with the curves of experimental equivalent neutron-irradiated material.
Evaluation of Mechanical Properties and Microstructure
in Ion-Irradiated Surface Layer
Introduction
Spallation neutron source is being developed in Japan Atomic Energy Research Institute (JAERI), as a part of Japan Proton Accelerator Research Complex (J-PARC) project. A liquid mercury target system for MW-scale targets will be installed as taking the advantages of selfcirculating heat removal and neutron yield into account (1) . Proton beam will be injected to the mercury target to induce spallation reaction. The moment the proton beam bombard the target, negative pressure to induce cavitation will be generated in the interface between the mercury and the target vessel wall by the thermal shock. Then, pitting damages will be formed on the target vessel by the cavitation bubble collapse (2) , (3) .
The structural material of the target vessel is exposed to proton and neutron irradiation, mercury immersion and cavitation erosion environments. The degradation of the structural materials used in these environments might be important factor to decide the design and lifetime of the target vessel. The degradation might be mitigated by the surface hardening treatment. However, there are not any data in the effect of irradiation damage on the surface hardening treated materials under spallation condition.
In this paper, in order to evaluate the irradiation and mercury immersion effects on the candidate materials of the target vessel, triple ion-beam irradiation tests using Takasaki Ion Accelerator for Advanced Radiation (TIARA) facility and mercury immersion tests carried out. Changes in mechanical properties and micro-hardness due to the irradiation and mercury immersion were investigated using a technique coupling the indentation tests and inverse analysis. Additionally, these results were discussed from the view point of the microstructure observed using transmission electron microscope (TEM).
Experiment
The specimens were an annealed type 316 austenitic stainless steel (316SS) and a cold worked type 316 stainless steel (50% CW 316SS) with and without the surface hardening treatments; carburizing (Kolsterise (4) ) and nitriding. They are the candidate materials of the spallation target vessel. The hardened surface is effective to reduce the cavitation damage (5) , (6) . The Vickers hardness values of specimens used in this study are shown in Table 1 .
The dimension of the specimen is 6 mm in length, 2 mm in width, 3 mm in thickness. The surface of the specimens was mechanically polished by 0.1 µm buff, then electrochemically polished. The content of the solution was H 3 PO 4 : 54%, H 2 SO 4 : 36%, CH 3 OH: 10%. The electrochemical polishing was conducted at 281 K, with 18 V for 5 s.
As shown in Fig. 1 , ion-irradiation tests were carried out on the cross-section of the surface hardened layer at 473 K with a triple ion-beam of 12 MeV Ni 3+ , the degraded 1.1 MeV He + and the degraded 380 keV H + using the TIARA facilities at JAERI, taking account of the spallation condition. Figure 2 shows He + , H + ions and displacement damage distributions along the depth direction from the irradiated surface calculated by SRIM-2000 code (7) . The displacement damage in the specimen is mainly due to Ni 3+ ion implantation. The peak position of the damage is around 2 µm from the irradiated surface. H + and He + ions are implanted to simulate nuclear transformation. The peak positions are controlled so that the effect of implanted Ni 3+ ion can be neglected. At the depth of approximately 1.2 µm from the surface, the dose was 10 dpa and the He/dpa and H/dpa ratios were about 200 and 2 000 appm/dpa, respectively.
The irradiated and un-irradiated specimens were immersed into mercury of 423 K for 100 h. The volume of the mercury was 300 cm 3 and the mercury was covered with argon gas to avoid oxidation of mercury.
In order to evaluate changes in mechanical properties caused by irradiation and mercury immersion, the microindentation tests (Shimadzu DUH-201S) were carried out before and after mercury immersion tests using two types of indenters. One is the Berkovich indenter for measuring hardness, the other is a conical indenter with hemispherical apex with radius 1.0 µm for deriving the constitutive equation. For the Berkovich indenter, the load and loading rate are 29.4 mN and 1.47 mN/s. For the hemispherical indenter, the maximum depth and loading total-time are 0.5 µm depth and 20 s. The micro hardness, H u , was evaluated using the following equation (8) ;
where P max is the maximum load applied to the specimen and h max the maximum depth for Berkovich inden- Table 1 Vickers hardness for specimens surface at 1 N Fig. 1 Schematic view of specimens used for irradiation ter. Load and depth curves were randomly measured at 10 points. In order to identify the material constants in the constitutive equation that defines the relationship between load and deformation, the inverse analysis was applied to the load and depth curve. The inverse analysis was carried out using a Finite Element Method (FEM) model combined with Kalman filter, described in detail elsewhere (9) . The hemispherical indenter was used to get the data for the inverse analyses because the change in material constants is much more reflected on the data than that obtained using the Berkovich indenter (9) . The surface layer is divided into 4 layers in the FEM model taking account of the irradiation damage distribution along the depth direction, as illustrated in Fig. 3 . The formulation of the constitutive equation is assumed by Swift power low equation as follows,
where σ is true stress, ε true strain, E Young's modulus, σ y yield stress, A work hardening coefficient and n work Figure 4 shows typical results of load/depth and depth (L/D-D) curves obtained from annealed 316SS measured by using the Berkovich indenter. The slope of the L/D-D curve at loading is corresponding to the hardness. In the case of an as-received specimen, the slope is constant, which indicates that the material is homogeneous along the depth direction. On the other hand, the slope of mercury-immersed specimen changed around 0.4 µm in depth. The surface layer contact with mercury was hardened by mercury immersion. The depth where the slope changes is called as the characteristic depth, d c . The relationship between d c and the thickness of practical hardened layer, T , is following to T = 10d c (10) . Hence, the thickness of hardened layer due to the mercury immersion is about 4 µm. Hardened layer caused by the ionirradiation gets to be 2.5 µm thickness as well. Figures 5 and 6 shows the cross-sectional micro hardness distribution of the nitrided and carburized specimen using by Eq. (1). The hardened layer produced by the nitriding treatment is about 35 µm in thickness from the specimen edge, and carburized treatment is about 30 µm. Substrate of the nitrided specimen (316SS) is hardened by the ion-irradiation. However, the hardness changes are hardly affected by the nitrided layer, carburized layer and 50% CW by ion-irradiation.
Results and Discussion

1 Micro hardness
2 Inverse analysis
Load and depth curves of 316SS obtained by the hemispherical indenter are shown in Fig. 7 . The imposed loads to reach ca. 0.4 µm are increased by mercury immer- sion and irradiation. That is, the order of the hardening ratio to the as-received one is as follows: Ion+Hg > Ion > Hg > As received. The inverse analyses were carried out to quantitatively evaluate the changes in mechanical properties due to the irradiation and mercury immersion. Figure 8 shows the distribution of σ y , A and n along the distance from the surface. The distribution of σ y is very dependent on that of displacement damage with the peak around 2 µm as shown in Fig. 2 . The mercury immersion hardly influences on the σ y distribution along the depth direction within 2.5 µm, but the average value of σ y is clearly increased by the mercury immersion despite whether the specimen was ir- Fig. 9 Nominal stress and strain curves of experimental 316SS and calculated ones using estimated material constants radiated or not. The A values are also almost independent the mercury immersion and/or irradiation. On the other hand, the n values become lower in the mercury immersed and/or irradiated layer than in the as-received one. The n value of immersed and irradiated exhibits the lowest value. In order to clearly understand the effects of estimated materials constants varied by irradiation and/or mercury immersion, the numerical simulations on tensile tests were carried out using the two-dimensional axisymmetric model. The simulated results were compared with the experimental ones: the nominal tensile stress-strain curves obtained from proton and neutron irradiated 316SS specimen under the spallation condition (11) . Figure 9 shows the nominal stress-strain curves simulated by using estimated material constants and experimental ones. Here, the material constants for the simulation are the values of the third layer. The simulated results for the irradiated and as-received 316SS are in adequate agreement with the experimental ones and exhibit the hardening effect due to the irradiation. Additionally, it is deduced that the ductility loss and hardening are changed by the mercury immersion. Increase in σ y and decrease in elongation caused by the proton and neutron irradiation can be estimated from the analytical result of ion irradiation. Reduction in the elongation by irradiation might be further promoted by the influence of mercury. Figure 10 shows cross-sectional micro-scale TEM bright field images for the irradiated annealed 316SS. The microstructural change due to the ion-irradiation is clearly observed around 2.5 µm in depth from surface. This tendency is corresponded with the damage distribution shown in Fig. 2 .
3 Microstructures
Cross-sectional TEM bright field images for the unirradiated and irradiated regions of the annealed and 50% cold worked 316SS specimens are shown in Fig. 11 . These micro-samples are picked up from the substrate of the surface hardened specimens: i.e. the substrate without any hardening influences sampled around 70 µm from the hardened surface. Dislocations were hardly observed in the unirradiated annealed 316SS, on the other hand a lot of cell structures of dislocation were observed in the unirradiated 50% CW 316SS specimen. Drastic structural changes due to irradiation were recognized in annealed 316SS. In the 50% CW 316SS, it is difficult to find clear changes due to the irradiation. This corresponds to the hardness change of the substrates by irradiations seen in Fig. 6 . That is, the hardness changes are dependent on the dislocation multiplication. Figure 12 shows the cross-sectional TEM bright field images of the surface hardening treated layers: Carburized annealed 316SS and Nitrided annealed 316SS. The micro samples were picked up from the locations where the hardness exhibits the maximum value, shown in Figs. 5 and 6. Dislocations due to the hardening treatment were observed in the un-irradiated carburizing layer. On the other hand, the nitrided surface layer was scarcely influenced by irradiation. It seemed that the austenitic structure was varied to martensitic one because of high residual stress caused by the nitriding process (12) . The hardening and the dislocations in martensitic structure suppress the nucleation of irradiation-induced defect clusters by working activity as a sink for the point defects.
Conclusion
In order to investigate the mercury and irradiation effects on the candidate target vessel materials, mercury immersion and triple ions beam irradiation tests were carried out to simulate the spallation condition. The changes in the material properties due to the mercury immersion and irradiation were quantitatively evaluated by using the technique coupling the indentation test and inverse analyses. These results were compared with the microstructural changes observed by transmission electron microscope. As the results, the followings were found:
( 1 ) It seems that the hardening in the surface layer caused by ion-irradiation corresponds to the dislocation loop formation in 316SS.
( 2 ) The distinguished changes in hardness were hardly recognized in the surface hardening treated layer of 316SS.
( 3 ) Therefore, from a view point of the irradiation damage, the surface hardening treatment will be very effective to reduce the erosion damage of the target materials.
